Abstract.-We used mitochondrial DNA (mtDNA) sequences to test biogeographic hypotheses for Patiriella exigua (Asterinidae
The importance and pervasiveness of oceanic dispersal is a contentious issue in marine (Lessios et al., 1999 (Lessios et al., , 2001 Grant and Leslie, 2001) , freshwater (McDowall, 1978; Waters et al., 2000a) , and terrestrial (Diamond, 1987 (Diamond, , 1988 Pole, 1994; Wright et al., 2000; Price and Clague, 2002) biology. Although some biogeographers would have us believe that almost all biological distributions are passive results of geological processes (Croizat et al., 1974; Rosen, 1978) , there is growing evidence that members of many taxa are excellent dispersers (e.g., Hurr et al., 1999; Trewick, 2000; Vines, 2001; Winkworth et al., 2002; Chiswell et al., 2003) . For instance, marine invertebrate communities of isolated oceanic islands are sometimes dominated by species that lack planktotrophic larvae, "suggesting rafting may be an effective dispersal mode" (Parker and Tunnicliffe, 1994:336; Morton and Britton, 2000) . Some of the least mobile marine invertebrates exhibit some of the widest geographic ranges (Johannesson, 1988; Sponer and Roy, 2002) . Several recent studies have provided evidence that long-distance rafting may be possible (Holmquist, 1994; Worcester, 1994; Ingolfsson, 1995; Hobday, 2000) . Here, we present phylogeographic evidence of long-distance rafting in a sedentary intertidal sea star.
Patiriella exigua (Lamarck) is a small sea star (Echinodermata: Asterinidae) that has an entirely benthic life history and a southern temperate distribution ranging from the Atlantic Ocean to the Pacific Ocean (Dartnall, 1971; Clark and Downey, 1992;  Fig. 1 ). The species is restricted to rock pools and shallow subtidal waters (maximum depth of 3 m), where it lives on and under stones. Like the Northern Hemisphere sea star Asterina gibbosa (Emson and Crump, 1976) , P. exigua produces benthic egg masses that develop without parental care (Byrne et al., 1999) . The brachiolaria larvae are lecithotrophic and remain attached to the substrate until metamorphosis is completed after about 18 days (Byrne, 1995) .
In the African region, P. exigua has been recorded from St. Helena (17
• S), southern Namibia (27 • S), South Africa (27-35
• S), and southern Mozambique (25 • S). The species has also been recorded from two oceanic islands of the southern Indian Ocean: Amsterdam and St. Paul Islands (37-38
• S). Patiriella exigua is absent from Western Australia but is widespread in the southeast (28-43
• S; Dartnall, 1971) and around Lord Howe Island (32
• S) (Fig. 1) .
Several marine biologists have sought to explain the unusual biogeography of P. exigua. Mortensen (1933) and Clark and Downey (1992) suggested that the species colonized St. Helena by rafting northward on the roots of a South African macroalga that wash ashore there via the Benguela Current (Fig. 1) . Hart et al. (1997) similarly suggested that both adult and juvenile P. exigua might be capable of long-distance rafting, either regularly or sporadically. Fell (1962) argued that the West Wind Drift was important in shaping the distribution of benthic echinoderms and suggested that Australia represented the center of origin for many taxa. Dartnall (1971:48) speculated that the distribution of P. exigua was "defined by thermal tolerance alone," a hypothesis that fails to explain the absence of the species from southern temperate waters of Western Australia, New Zealand, and South America.
There has been no suggestion that the wide distribution of P. exigua reflects anthropogenic translocation (e.g., in fouling communities; Roy and Sponer, 2002) , unless it was associated with some of the earliest shipping in the Southern Hemisphere. The species was first described nearly 200 years ago (Lamarck, 1816 ; type locality unknown), and South African specimens were collected as early as 1829 (Perrier, 1876) . It has been well over a century since P. exigua was first identified in southern Australia (Whitelegge, 1889) .
We identified a number of competing hypotheses that could explain the wide distribution of P. exigua. Distinct phylogenetic predictions associated with each hypothesis are given in parentheses (see Fig. 2 of oceanic islands (deeply divergent, reciprocally monophyletic lineages associated with each continent); (2) a South African origin, with dispersal to Australia via the West Wind Drift and subsequent colonization of oceanic islands (paraphyletic basal lineages in South Africa, interior monophyletic lineage in Australia); (3) an Australian origin with dispersal to South Africa via the West Wind Drift and subsequent colonization of oceanic islands (paraphyletic basal lineages in Australia, interior monophyletic lineage in Africa); and (4) anthropogenic translocation associated with early shipping activities (identical haplotypes on different landmasses).
MATERIALS AND METHODS
Forty-three samples of P. exigua (14 locations; Fig. 1 ; Table 1 ) were collected and preserved in ethanol for genetic analysis. Some samples were taken nonlethally by removal of a few tube feet. Preserved tissue was digested in a CTAB-proteinase K extraction buffer (Saghai-Maroof et al., 1984) . Total DNA was purified using chloroform, precipitated with isopropanol, washed in 70% ethanol, and resuspended in 150 µl of distilled water.
A portion of the mitochondrial cytochrome oxidase I gene (COI) was amplified using primers F210-CO1 (5 -GGTAATGCCAATTATGATTGG-3 ) and COA (5 -AGTATAAGCGTCTGGGTAGTC-3 ) (Palumbi et al., 1991) and sequenced with primer, F210-Co1 yielding approximately 800 base pairs (bp) (maximum 850 bp) of data. In addition, a 1,200-1,400-bp region containing the 3 end of the 12S ribosomal RNA (rRNA), tRNA Glu , the putative control region, and the 3 end of the 16S rRNA was amplified using primers E12Sa (5 -ACACATCGCCCGTCACTCTC-3 ) and E16Sb (5 -GACGAGAAGACCCTATCGAGC-3 ) (Williams and Benzie, 1997; Evans et al., 1998) and sequenced with primer E12Sa, yielding around 750 bp of data. FIGURE 2. Phylogenetic predictions associated with various evolutionary hypotheses for the biogeography of Patiriella exigua: (a) hypothesis 1 = a vicariant origin on supercontinent Gondwana; (b) hypothesis 2 = an African origin with subsequent dispersal to Australia; and (c) hypothesis 3 = an Australian origin with subsequent dispersal to Africa. A fourth hypothesis involving anthropogenic translocation (haplotypes shared across landmasses) is not shown. Hypotheses 1-3 were tested by enforcing the monophyly of clades indicated by asterisks. Oceanic island samples were excluded from these tests.
All polymerase chain reaction (PCR) amplifications were performed in a PTC-100 cycler (MJ Research) with 40 cycles of 94
• C for 1 min, 47-53
• C for 30 sec, and 72
• C for 30 sec. PCR products were purified with a High-Pure PCR Product Purification Kit (Roche). DNA sequencing was performed using an ABI Prism Big-Dye kit and an automated DNA sequencer (Perkin Elmer).
Published COI sequences (U50054-55; Hart et al., 1997) from two viviparous congeners (P. vivipara, Dartnall, 1969; P. parvivipara, Keough and Dartnall, 1978) and the more distantly related P. regularis (U50045; Hart et al., 1997) were included as outgroups. Two of these species (P. regularis and P. vivipara) were also sequenced for the control region. Few indels were detected among P. exigua sequences, so sequences were aligned by eye, yielding alignments of 850 bp and 753 bp for COI and the control region, respectively. All alignments were straightforward, with the exception of some areas of the P. regularis control region, which were excluded from analyses. The data matrix can be obtained from TreeBase (SN1606-4917).
Phylogenetic trees of combined COI and control region data were constructed using the heuristic option, with 10 replicates of random sequence addition, using PAUP * 4.0b10 (Swofford, 1998) . Maximum likelihood (ML) analyses were conducted under a TVM + model (base frequencies: A = 0.30, C = 0.22, G = 0.18, T = 0.30; rate matrix: A-C = 4.2, A-G = 16.3, A-T = 3.8, C-G = 0.7, C-T = 16.3; among-site rate variation = 0.33) selected using Modeltest 3.06 (Posada and Crandall, 1998) and PAUP * . Ideally, separate likelihood analyses should be performed on genes with different evolutionary properties (see Schwarz et al., 2003) . Nevertheless, the fact that ML (Fig. 1 ) and evenly weighted parsimony analyses (not shown) yielded very similar trees suggests that the lack of model partitioning was not a problem here. The congruent results also suggest that long branch attraction (Felsenstein, 1978) was not a factor in our analysis. We used the "tree scores" option of PAUP * to assess the ML topology both with and without the enforcement of a molecular clock. The likelihood ratio test indicated that clocklike evolution of sequences could not be rejected (P > 0.05; χ 2 = 38.6, df = 26). Minimum evolution (ME) trees and estimates of genetic divergence were generated using the TVM + model. Divergences were also calculated using the Kimura (1980) two-parameter model to facilitate comparisons with previously published echinoderm data. Phylogenetic confidence in topologies was assessed by bootstrapping (Felsenstein, 1985) with heuristic analysis of 1,000 (ME) and 100 (ML) replicate data sets. A single Australian haplotype (NB) was excluded from ME analyses because of missing data (undefined distances). Hypothetical topologies were enforced using the "constraints" option and were assessed against the optimal topology using the Shimodaira and Hasegawa (1999) test, a method that statistically evaluates alternative a posteriori trees under ML.
RESULTS
All P. exigua sequences (GenBank accessions AY370748, AY396051-74, AY397622-43) were highly divergent from those of outgroup taxa P. regularis (U50045, AY396049; 33.7-41.2%; TVM + ), P. vivipara (U50054, AY396050, AY397621; 11.6-17.7%), and P. parvivipara (U50055; 11.4-12.8%; COI only). Within P. exigua, control region and COI sequence fragments exhibited similar levels of genetic divergence (COI: 0.0-6.6%, mean = 2.5%; control region: 0.0-10.9%, mean = 3.8%) (a single Amsterdam Island haplotype was excluded from control region comparisons because it was represented by just 208 bp). The rapidly evolving control region was balanced by the adjacent more conserved tRNA and rRNA sequences (Asakawa et al., 1995) .
Pairwise sequence divergences among P. exigua haplotypes from different sample sites ranged from 0.0% to 8.0% (combined data; one NB haplotype was excluded from these comparisons because it lacked COI data), whereas divergences within sites were always <1% (0.0-0.7%). Large divergences were detected between Australian and Cape Town (CT) haplotypes (6.0-7.4%) in contrast to relatively small divergences between Australia and eastern South Africa (1.2-1.6%). Within South Africa, CT sequences were highly divergent from both Port St. Johns (PJ; 6.4-7.2%) and Durban (DB; 5.9-7.2%) samples, which were 1.3-1.9% divergent from each other. Amsterdam Island (AM) sequences were most similar to those from CT (3.2-5.0%), whereas St. Helena (SH) sequences were closely related to those from eastern South Africa (1.8-2.0%). Divergences on the Australian mainland ranged from 0.0% to 0.6%. Lord Howe Island (LH) sequences were clearly distinct from mainland Australian sequences (0.9-1.4%). Tasmanian haplotypes were distinct from mainland samples (0.5-1.1%) with the exception of a haplotype shared between Woodbridge (TW) and southern Victoria (Williamstown, VW).
ML analysis yielded a single topology (ln likelihood = −5007.70; Fig. 1 ; TreeBase SN1606-4917). Bootstrap analysis strongly supported the monophyly of P. exigua (98-99%; Fig. 1 ) and revealed strong phylogeographic structure within the species. Specifically, Australian and LH sequences were united (71-79%), with samples often clustering according to geographic origin: e.g., LH (100%) and New South Wales (NM, NB). Victorian samples were also monophyletic (VF, VO; 63-72%) with the exception of a single haplotype that clustered with Tasmanian samples (VW, TW, TE, TT; 86-96%). A similar situation was observed for South African P. exigua, with well-supported clades of DB (95-100%) and CT (100%) haplotypes. However, South African samples were paraphyletic, with DB and Port St. Johns (PJ) samples placed sister to the Australian clade (92-98%) along with the SH haplotype. AM and CT haplotypes clustered together in a well-supported clade (100%).
The lack of shared haplotypes among distinct landmasses leads us to reject the hypothesis of anthropogenic translocation (hypothesis 4) as an explanation for the wide distribution of P. exigua. Furthermore, the SH tests rejected both the reciprocal monophyly of African and Australian samples (hypothesis 1, vicariance; P = 0.04) and the monophyly of African samples (hypothesis 3, dispersal from Australia; P = 0.04). In contrast, the monophyly of Australian samples was supported by the optimal tree and thus was not rejected (hypothesis 2, dispersal from Africa).
DISCUSSION

Rafting Mediated by the West Wind Drift
Phylogenetic analysis of mitochondrial DNA (mtDNA) indicates that South Africa houses a paraphyletic assemblage of P. exigua, whereas Australian specimens form an interior monophyletic group. We can therefore reject the vicariance hypothesis (1) (P = 0.04) of an ancient Gondwanan origin for this wide geographic distribution. The absence of shared haplotypes indicates that we can also reject hypothesis (4) of anthropogenic translocation. This leaves us with two alternative dispersal hypotheses (2 and 3) involving African or Australian centers of origin. The paraphyly evident in South Africa (P = 0.04) strongly suggests that this area is the phylogeographic origin for the species, whereas monophyletic Australian sequences are suggestive of a single colonization event. These data provide compelling evidence that P. exigua dispersed from South Africa eastward across the Indian Ocean with the assistance of the West Wind Drift (Fig. 1) . Dispersal probably was achieved by rafting on macroalgae or wood, and population expansion may then have been facilitated by self-fertilization (Hart et al., 1997) .
The oceanic island populations of P. exigua provide additional evidence of long-distance dispersal (Table 2) . Lord Howe Island (600 km east of Australia, formed 7 million years ago [MYA] ; McDougal et al., 1981) and St. Helena (1,870 km west of Africa, 15 MYA; Briggs, 1995) are both situated reasonably close to large continents. As might be predicted, haplotypes from these island populations are closely related to nearby mainland haplotypes (Table 2 ). In contrast, Amsterdam Island is extremely geographically isolated (>3,000 km; Table 2 ), and the associated P. exigua haplotypes are more divergent (TVM + : minimum divergence of 3.2%; Table 2 ). Despite the huge distance involved, the well-supported relationship between Amsterdam Island and South African P. exigua is consistent with Briggs's (1995) suggestion that their marine faunas are related.
On the basis of fish zoogeography, Collette and Parin (1991) included Amsterdam and St. Paul islands within a West Wind Drift Islands Province, implying that this ocean current system is biogeographically important. Both islands are situated approximately 3,800 km east of Durban (Briggs, 1995) , whereas the Australian populations of P. exigua are approximately 4,500 km further to the east. If the West Wind Drift flowed at 1 km/hr (http://stommel.tamu.edu/∼baum/paleo/ocean/node2. html), it would take approximately 5 months to raft between Durban and Amsterdam Island and an additional 6 months to reach South Australia. Direct rafting between South Africa and southeastern Australia (8,300 km) would take approximately 1 year. Given that larval P. exigua metamorphose after only 2-3 weeks (Byrne, 1995) , it is clear that adult P. exigua are capable of surviving many months of rafting in the open ocean. Because clocklike evolution was not rejected for P. exigua mtDNA, we potentially can use a molecular calibration to date dispersal events. However, we know of no definitive geological events that can provide a calibration for P. exigua lineages. Instead, we tentatively applied published K2P calibrations for a variety of echinoid COI sequences (3.1-3.5%/MY; Lessios et al., 1999; McCartney et al., 2003) . The minimum COI divergences detected between P. exigua from South Africa and those from Australia (0.3%), between Lord Howe Island and Australia (0.5%), and between St. Helena and South Africa (1.4%) imply that oceanic dispersal probably occurred during the late Pleistocene (<0.5 MYA). The relatively deep COI divergence between Amsterdam Island and South African P. exigua (2.1%) also suggests Pleistocene dispersal (0.6-0.7 MYA), soon after the formation of this island (0.7 MYA). Given the genetic diversity evident among South African samples (Fig. 1) , increased sampling could reveal additional mtDNA lineages and thus decrease the divergence estimates for oceanic P. exigua populations (Table 2) .
Evolution of Phylogeographic Structure
We detected monophyletic groups of P. exigua haplotypes associated with many of the sample sites. For instance, DB and CT samples were each strongly monophyletic. Future sampling should shed further light on South African marine phylogeography. In Australia, the ML topology revealed distinct clades of haplotypes from New South Wales (NB, NM), Victoria (VF, VO), and Tasmania (TT, TN, TW; VW represented an exception to this pattern). Local structure may be partly driven by a capacity for self-fertilization (Hart et al., 1997) , although the prevalence of selfing is unknown. Patiriella exigua probably relies on passive mechanisms of dispersal and may therefore represent a highly informative marker species for coastal marine biogeography. Given the species' requirements for shallow water and rocky habitat, beaches might promote population structure over small scales (e.g., kilometers). Extensive sandy areas (e.g., Australia's Ninety Mile Beach) might have profound phylogeographic effects (Edgar, 1986) , and structure might be generalized across sedentary members of the marine invertebrate community (Dawson, 2001) .
Strong phylogeographic structure evident across both small and large geographic scales suggests that dispersal is a sporadic phenomenon. This finding may help explain some anomalies in the distribution of P. exigua. For instance, the absence of P. exigua from Western Australia might not be expected if dispersal were a regular part of the P. exigua life cycle (Dartnall, 1971) . Patiriella exigua probably first colonized a southern area of Australia (perhaps Tasmania) and has thus far been prevented from reaching Western Australia by the east flowing Leeuwin Current (O'Hara and Poore, 2000) . Similarly, if long-distance dispersal were achieved on a regular basis, the range of P. exigua might also encompass New Zealand and South America, as is the case for several southern temperate taxa (e.g., Sophora, Hurr et al., 1999; Geotria, McDowall, 1990; Aplodactylus, Burridge, 2000; Jasus, Booth and Ovenden, 2000) . However, P. exigua may colonize these landmasses in the future.
Organisms that possess strong migratory ability can undergo major range expansions through the colonization of new regions, and associated high levels of gene flow tend to preclude genetic divergence among populations (Winker, 2000) . However, species such as P. exigua that have a capacity for sporadic dispersal may undergo dramatic range expansions followed by isolation, genetic divergence, and possible speciation. This process may be an example of the Vrba (1983:387) effect hypothesis in which ecological adaptations "incidentally determine different speciation and extinction rates and trends."
Dispersal Biogeography: Science or Story-Telling?
Direct observations of rafting (Wheeler, 1916; Heatwole and Levins, 1972; Edgar, 1987; Jokiel, 1989; Worcester, 1994; Ingolfsson, 1995; Censky et al., 1998; Hobday, 2000) along with convincing phylogeographic (e.g., Austin, 1999; Trewick, 2000; Sponer and Roy, 2002) and biogeographic (Scheltema, 1995; Thiel, 2002) evidence point to the importance of oceanic dispersal as an evolutionary force. It is unfortunate, then, that some biogeographers actively discourage the examination of biogeographic mechanisms. For instance, Croizat (1964) recommended that biogeographic processes should be ignored, whereas Ball (1975) , Craw (1979) , and Humphries and Parenti (1986) considered dispersal events to be ad hoc and thus untestable phenomena. Decades later, little has changed: Humphries (2000:12-13) argued that "dispersalist or vicariant narratives are futile debate" and bemoaned the fact that "dispersal scenarios are being published at a rate faster than ever before." Humphries (2000:13) also criticized the phylogeographic approach as one that obscures "the relationship of space and form." In contrast, we contend that phylogeography has transformed biogeographic research, a field previously dogged by rhetoric and speculation, into a rigorous discipline centered on hypothesis testing .
Vicariance has certainly helped shape the biogeography and evolution of many taxa, and genetic analysis has the power to demonstrate the role of this process (e.g., Ortí and Meyer, 1997; Van Tuinen et al., 1998; Waters et al., 2000b; Cracraft, 2001; Waters and Wallis, 2001; Stockler et al., 2002) . Conversely, a number of recent phylogeographic studies have rejected specific vicariance hypotheses (e.g., Holder et al., 1999; Hurr et al., 1999; Winkworth et al., 1999 Winkworth et al., , 2002 Trewick, 2000; Trewick and Wallis, 2001; Waters et al., 2002) . Despite the weight of evidence implicating dispersal, some vicariance biogeographers "fail to acknowledge, explain, avoid, learn from and improve on" (Nelson and Ladiges, 2001 :389) their preconceived ideas. For example, Humphries (2000) and 23 Nelson and Ladiges (2001) ridiculed Darwin's (1859 Darwin's ( , 1871 center-of-origin concept despite recent genetic data that yield substantial support for Africa as the phylogeographic center of the human lineage (Templeton, 1992 (Templeton, , 2002 Ingman et al., 2000; Cann, 2002) . Fortunately, the mainstream of biological research has no such problem. Several recent phylogeographic studies have included statistical tests of dispersal hypotheses and have been published in high-profile biology journals (e.g., Crandall and Templeton, 1999; Winkworth et al., 2002) .
